Abstract. This paper presents an investigation of the effect of load variation on gear tooth surface micropitting, for an application in planet gears in a wind turbine gearbox. To study the effect of load variation, two methods are employed: an experimental testing of gear micropitting under variable loading and a probabilistic analysis of gear contact stress and specific lubricant film thickness variations using the ISO Technical Report ISO/TR 15144-1:2010. The load variation of wind turbine gearbox is derived from SCADA (Supervisory Control and Data Acquisition) data recorded in operation. Both experimental and analytical results show that high levels of contact stress, load variations and repeated load cycles are determinant factors for the initiation and propagation of micropitting of gear tooth surfaces.
Introduction
Wind energy plays an increasingly importance role in producing electricity from renewable sources. In 2012 11% of electricity generated in the UK was from renewable sources, 47% of which was produced by wind power [1] . To meet the planned target of enabling wind energy to supply 15% of UK's electricity by 2020, the capacity for wind power generation is planned to increase in the UK from 5.3 GW to 13 GW onshore and from 2.5 GW to 18 GW offshore by 2020 [2, 3] . To enable wind energy to become a cost competitive energy source, the improvement of wind turbine operational reliability is crucially important especially for offshore operation.
The gearbox is one of the most expensive subassemblies in the wind turbine system. For a 5 MW offshore wind turbine, it contributes to approximately 10% of the wind turbine cost without including transportation costs [1] . Within the wind turbine gearbox, bearings and gears experience high rates of premature failures which cause unplanned wind turbine shutdowns, long down time for repairs and purchase spare parts for replacing the failed components. These reduce wind turbine Availability and increase the Cost of Energy [4] . For offshore operation, this will cause even greater problems due to constrained offshore accessibility because their remote locations and adverse weather conditions resulting in higher maintenance costs. Investigation into root causes of key gear failure modes will be essential to identify critical operational conditions and important factors affecting the failures. The understanding of these effects on failures will support the future wind turbine gearbox design and operational maintenance to reduce premature failures thus reduces the cost of offshore wind energy.
This paper focuses the study on investigating the effect of loading variation on the initiation and propagation of gear tooth surface micropitting, for an application in a wind turbine gearbox. To demonstrate the effect of load variation, two methods are employed: an experimental testing of gear micropitting under variable loading and a probabilistic analysis of gear contact stress and specific lubricant film thickness variations using the ISO Technical Report ISO/TR 15144-1:2010. The load variation of wind turbine gearbox is derived from the SCADA (Supervisory Control and Data Acquisition) data recorded in wind turbine operation.
Gear micropitting and key influencing factors
Micropitting is a Hertzian contact fatigue phenomenon and it is a form of localised material surface damage that occurs under rolling and sliding contact operating in elastohydrodynamic (EHL) or boundary lubrication regimes [5] . Micropitting failure is commonly observed in materials with high surface hardness and it is characterised by the removal of surface roughness asperities and the formation of cavities. Micropits initiate from small, surface or subsurface initial cracks; which are relatively small compared to the size of the contact zone, usually 5-10 µm long and 5-20 µm deep, as shown in Fig. 1 [6] , and grow under repeated contact loading cycles [7] . The cracks grow in a shallow angle usually less than 30° with respect to the surface, at some point they curve back towards the surface, which in due course will cause the material to break and produced a fractured surface. Continuous loss of material produces a profile deviation for the gear tooth, if continued, it results in reduced gear tooth accuracy, increased loads and noise. If it cannot be restrained, it propagates into macropitting where pits are larger than 1 mm and have irregular shapes or other modes of gear tooth failures such as spalling and scuffing.
Micropitting may occur when peaks of surface roughness asperities contact each other under mixed or boundary lubrication conditions. The main effect of EHD film is to modulate the contact stress distribution in meshing gear surfaces by preventing the direct contact between surface asperity points. However the EHD film does not prevent contact surfaces from cyclic stressing. Low surface roughness or smooth surface finishing and high surface hardness can resist the micropitting [8] . As a result, the assessment of micropitting risk is based on the lubricant film thickness and surface roughness of contact surfaces [5, 9] .
There are a number of important factors which have a determinant effect on micropitting, these include gear material and surface treatment, surface topography, loading, lubricant, temperature, speed, and relative sliding [10, 11] . Oila and Bull [12] statistically studied seven factors influence micropitting using twin discs to simulate gear tooth contact. Their study concluded that the key factors over the number of load cycles necessary for micropitting occurrence. The more significant contributor was contact stress and micropitting initiated faster at high contact stress and has a significant interaction with surface roughness. Sliding and rolling ratio (SRR) also has a significant effect, the occurrence of surface micropitting decrease at low SRR values; when low temperatures were also observed. For the micropitting propagation rate, propagation is increased at high speed and high SRR. When a high rotational speed is involved micropitting spreads; therefore not much can be done to stop propagation rate at high operational speeds. At a low load, the effect of temperature on micropitting reduces significantly [12] . 
Analysis of wind turbine gearbox load variation
This paper aims to investigate the effect of variable loading on gear tooth surface micropitting, for an application in planet gears of a wind turbine gearbox. The wind turbine is a megawatt scale machine and has a three-stage gearbox design with one planetary gear stage and two parallel gear stages [13] , as shown in Fig. 2 . Only planet gears of the low speed shaft (LSS) of the gearbox are studied in this paper because the LSS gears operate under heavy shaft torques and low rotational speeds which are the conditions prone to micropitting damage. During gear meshing, gear tooth surfaces experience rolling and sliding, in the same and opposite directions, as shown in Fig. 3 , depending on the contacting tooth's relative velocities. The occurrence of sliding significantly changes the stress distribution in the surface and sub-surface of gear teeth. Sliding in opposite direction to rolling results in higher stresses because rolling is in one direction and sliding is in the other. At tooth tip and root regions (tooth addendum and dedendum) where the maximum sliding occurs, modified gear tooth profiles are commonly used to reduce contact stress level and to improve stress distribution. 
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Wind turbine gearbox operates under a wide array of highly fluctuating and dynamic load conditions caused by the stochastic nature of wind speed variations and operational wind turbine controls. The exposure of gear tooth surfaces to different loading and rotational speed conditions could cause the lubricant film breaking down resulting in direct metal surface contact. This leads to high surface temperatures due to poor lubrication and high friction between the meshing surfaces.
To consider wind turbine gearbox loading and speed variations, the SCADA (Supervisory Control and Data Acquisition) data of 10-minute average of generator power output and generator rotational speed for a period of 2.2 years recorded in an operating wind turbine, are analysed to derive the torque and speed variation ranges and corresponding numbers of occurrences. These analyses are presented as histograms of planet gear shaft torque and rotational speed variations, as show in Fig. 4 and Fig. 5 respectively. The values of planet gear shaft torque and rotational speed are nominalised as torque ratio and rotational speed ratio respectively. For example, the torque ratio is determined by dividing the torque values by the rated torque value of the planet gear shaft. Details of gear parameters, material properties, lubricant properties are given in Al-Tubi and Long (2012) [14] . As can be seen in Figs. 4 and 5, the gearboxes operate near the rated torque and rated rotational speed (the ratio equals to 1.0) for most of the time in operation, as expected. However, the torque ratio histogram in Fig. 4 shows the occurrences of torque values above the rated torque, indicating a probability of overloading. The highest torque ratio of over 1.18 is recorded from the 2.2 years of SCADA data analysed. As shown in Fig. 5 , high numbers of occurrences of shaft rotational speed ratios are concentrated between 0.55 and 0.6 and at rated speed ratios. The high torque ratios occur when the power ratio is high and the speed ratio is below the rated rotational speed, indicating that the high torque ratios occur at the transient region between partial load and full load of the generator. 
Gear micropitting analysis method
The gear tooth contact stress and specific lubricant film thickness are determined based on Method B as recommended in the ISO Technical Report of gear micropitting ISO/TR 15144-1:2010 [5] . The local Hertzian contact stress, P , , along the path of gear tooth contact is determined according to Eq. 1. The local lubricant film thickness, h Y , can be determined by Eq. 2. The specific lubricant film thickness, , , is dimensionless and it is defined as the ratio of the lubricant film thickness, h Y , and the effective mean surface roughness, , of gear tooth surfaces, as shown in Eq. 3. The micropitting safety factor, n, may be defined as the ratio of the minimum specific lubricant film thickness, λ GF, min , and the permissible lubricant film thickness, λ GFP , as shown in Eq. 4.
The prefix Y refers to a specific contact point on tooth flank. More details regarding the calculation methods can be found in the ISO/TR 15144-1 (2010) [5] and Al-Tubi and Long (2012) [14] . Definitions of the parameters used in the equations are given and calculated using methods provided in the ISO international standards for gears and determined by using recommended values given the ISO datasheets for gears. More details are given in [14] . 
The local contact stress and specific lubricant film thickness at different contact point A, B, C, D and E of tooth flank along the line of action are calculated. The locations of these points, as shown as the insert image in Figs. 6 and 7, are selected based on the suggestion of ISO/TR 15144-1:2010 where the variations of the contact stress and specific lubricant film thickness during single and double tooth contact can be evaluated. The maximum sliding between gear teeth occurs in mesh-in, point A and mesh-out, point E because the difference of velocities of gear teeth is greatest in these regions.
As can be seen in Fig. 6 , histograms show that the contact stress at point D varies considerably covering a wide range due to the variation of planet gear shaft torque. The contact stress at point D has a high probability of occurrence within a narrow range from 1530 to 1640 N/mm 2 . The maximum contact stresses of the gear tooth surface occur at point D (at tooth dedendum), and the minimum values occur at point A (tooth addendum).
Eq. 3 may be used to determine the specific lubricant film thickness if the surface roughness of meshing gears is known. Wind turbine gears require high accuracy and smooth tooth surface finishing to ensure sufficient load capacity and to achieve required service cycles. Such a smooth surface is one of the most important factors in micropitting resistance [13] . It is recommended in the international standard [13] that the maximum mean surface roughness for wind turbine gears should be equal to or less than 0.7 µm.
The safety factor against gear micropitting may be defined as the ratio between the minimum specific lubricant film thicknesses and the permissible specific lubricant film thickness as given by Eq. 4. Currently there are no recommended values of the required minimum safety factor for wind turbine gearbox applications. However, according to Kissling (2012) [15] the range of micropitting safety factor, n, is defined by rating the risk at three levels: the high risk (n < 1), limited risk (1 ≤ n ≤ 2) and low risk (n > 2). Fig. 7 shows histograms of specific lubricant film thickness at the five contact points using the mean surface roughness value of 0.7µm as recommended by the international standard [13] . It reveals that the specific lubricant film thickness is smaller than 1.0 at all contact points, while point E has lowest values at high percentage of occurrences, indicating a high risk of
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Structural Integrity Solutions micropitting of the whole gear tooth surface. It is clear that the high level of gear shaft torque and its considerable variation range has contributed to the high level of contact stresses and its variations and these in turn reduce the specific lubricant film thickness, resulting in high risk of micropitting. 
Experimental testing of gear micropitting
The experimental tests of gear micropitting are conducted under variable torque conditions, representing low to high contact stress levels, to determine at which torque level and loading cycles gear surface micropitting initiates and propagates. At each torque/contact stress level, the gears are tested for 8 million cycles. After tested under each torque/contact stress level, changes of gear tooth surfaces are obtained by using replica samples of the surfaces and digital image analysis. Fig. 8 shows gear tooth surface micropitting in dedendum (tooth root region), Fig. 8a , and addendum (tooth tip Applied Mechanics and Materials Vol. 750region), Fig. 8b , after completing step-up contact stress levels and corresponding loading cycles as detailed in the figure. The micropitting initiates first at the dedendum at contact stress of 1332 MPa after 16 million cycles then it initiates at the addendum at a higher contact stress of 1452 MPa and load cycle of 24 million cycles. However the micropits on the addendum starts to spread over the tooth surface after the contact stress increases to 1666 MPa with 40 million cycles completed. At the end of test of 56 million cycles, the characteristics of micropits are different on gear tooth dedendum and addendum: the micropits are deeper on the dedendum but shallow micropits spread over the most surface on the addendum. This is because that the profile modification of gear teeth leaves the grinding cutting edges on gear tooth surfaces which may initiate micropitting. The experimental observation reveals that the micropitting can initiate at the dedendum and/or at the addendum. 
Conclusions
Based on the analytical and experimental results obtained, the following conclusions can be drawn:
1. High torque levels of up to torque ratio of 1.18 are observed in planet gear shaft of wind turbine gearbox based on the SCADA data analysis. The high load level results in high level of gear tooth contact stresses and a considerable range of variation, with a high probability of occurrence within a narrow range from 1530 to 1640 N/mm 2 at the dedendum of gear teeth.
